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Abstract—We introduce a fully automatic system for cranial
implant design, a common task in cranioplasty operations.
The system is currently integrated in Studierfenster (http://
studierfenster.tugraz.at/), an online, cloud-based medical image
processing platform for medical imaging applications. Enhanced
by deep learning algorithms, the system automatically restores
the missing part of a skull (i.e., skull shape completion) and gen-
erates the desired implant by subtracting the defective skull from
the completed skull. The generated implant can be downloaded
in the STereoLithography (.stl) format directly via the browser
interface of the system. The implant model can then be sent to
a 3D printer for in loco implant manufacturing. Furthermore,
thanks to the standard format, the user can thereafter load the
model into another application for post-processing whenever nec-
essary. Such an automatic cranial implant design system can be
integrated into the clinical practice to improve the current routine
for surgeries related to skull defect repair (e.g., cranioplasty). Our
system, although currently intended for educational and research
use only, can be seen as an application of additive manufacturing
for fast, patient-specific implant design.
Index Terms—Cranial implant design, Deep-learning, Cranio-
plasty, Additive manufacturing, 3D printing, Studierfenster
I. INTRODUCTION
Cranioplasty refers to the surgical process of repairing skull
defects using custom-made cranial implants. Cranioplasty has
been known as a costly and time-consuming process due to
the bottleneck of the current clinical routine, which primarily
relies on high-quality implant design and manufacturing of
cranial implants by professional companies. The advancement
of fast prototyping technologies such as additive manufac-
turing (AM) and bio-compatible materials has facilitated fast
and low-cost manufacturing of medical implantable devices.
However, a solution for rapid and low-cost implant design is
still missing. In the clinics, the cranial implants are currently
designed by professional designers – e.g. contractors – with
the aid of commercial solutions, which represents a costly
and time-consuming operation. For example, in a case study
by [1], the cranial implant for a patient going through brain
tumor surgery was designed by a professional design research
center in the UK, whereas the patient was from Spain. The
patient’s computed tomography (CT) scan was transferred
from the Spain hospital to the design center in the UK. Several
commercial software, such as the MIMICS (Materialise NV,
Belgium) and Geomagic (3D Systems, South Carolina) were
involved in the cranial implant design process. After the design
is finished, the implant was manufactured by another company
based in the UK, using metal 3D printing (titanium). After
the cranial implant was manufactured, it is sent back to the
hospital in Spain so that the responsible neurosurgeon can
perform the cranioplasty on the patient.
Therefore, the optimization of the current workflow in
cranioplasty remains an open problem, with implant design
as primary bottleneck.
In this study, we introduce a fast and fully automatic system
for cranial implant design. The system is integrated in a
freely accessible online platform. Furthermore, we discuss how
such a system, combined with AM, can be incorporated into
the cranioplasty practice to substantially optimize the current
clinical routine.
Initiated by two students from Graz University of Technol-
ogy [2, 3], Studierfenster (www.studierfenster.at) is a cloud-
based, open-science platform for medical image processing,
which can be accessed via the browser. Multiple additional
features have been integrated into the platform since its first
release, such as 3D face reconstruction from a 2D image,
inpainting and restoration of aortic dissections (ADs) [4],
automatic aortic landmark detection and automatic cranial
implant design. Most of the algorithms behind these interactive
features run on the server side and can be easily accessed by
the client using a common browser interface. The server-side
computations allow the use of the remote platform also on
smaller devices with lower computational capabilities.
Our automatic cranial implant design system has been
incorporated into Studierfenster since the early development
phase and has been thereafter iteratively optimized. Even if the
details of the system are not covered in this study, we point
out that the problem can be formulated as a volumetric shape
completion task. A correct problem formulation is essential
for solving this challenging task of automatic cranial implant
design.
II. CRANIAL IMPLANT DESIGN: CURRENT CLINICAL
ROUTINE
Cranial implant design is usually associated with skull de-
fect repair, a surgical procedure usually known as cranioplasty.
Various events can lead to a skull defect, such as head trauma
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2Figure 1: Illustration of the In-Operation Room (in-OR) process for cranial implant design and manufacturing. Left: a possible
workflow. Right: how the implant should fit with the skull defect in terms of defect boundary and bone thickness.
or previous surgeries related to skull deformity correction
or brain tumor removal, during which the surgeons need to
remove a part of the cranial bone to access the brain area. To
repair the defect after a surgery, a synthetic substitute for the
removed bony structure is needed. This synthetic substitute is
usually created with of titanium or bio-compatible polymers
as the removed bony structure is subject to physical damage
and contamination and it is therefore not reusable.
In the surgical scenario of brain tumor removal, after the
completion of the operation, the postoperative head CT scan of
the patient is sent to a third-party manufacturer. The manufac-
turer segments the incomplete skull in the head CT scan and,
based on the segmentation, designs a patient-specific cranial
implant [1]. In particular, this process can be summarized as
follows:
• imaging data acquisition (e.g, head CT),
• skull segmentation in the imaging data,
• conversion of the skull to a 3D CAD model,
• patient-specific implant design based on the skull model.
Due to the high requirements for cranial implant design,
such as the professional experience required and the commer-
cial software, cranioplasty can result in a costly operation for
the health care system. On top, the current process is a cause
of additional suffering for the patient, since a minimum of
two surgical operations are involved: the craniotomy, during
which the bony structure is removed, and the cranioplasty,
during which the defect is restored using the designed implant.
When the cranial implant is externally designed by a third-
party manufacturer, this process can take several days [1],
leaving the patient with an incomplete skull.
III. LOW-COST, FAST AND In-Operation Room (IN-OR)
CRANIAL IMPLANT MANUFACTURING
As previously introduced, the known limitations of the
current routine for cranial implant design include costly, time-
consuming and out-of-the-operation-room operations. Re-
searchers have been looking for solutions to overcome these
shortcomings. One of the suggested solutions is to develop
ad hoc free CAD software for cranial implant design [5–9].
However, even if the introduction of ad hoc free CAD software
can potentially reduce the related costs, the design process
is still time-consuming and requires expertise. Therefore, a
low cost, fast (e.g., fully automatic) and on-site design and
manufacturing of cranial implants remains an open problem
and a promising direction worthy of more attention.
AM offers the opportunity of fast manufacturing of 3D
models and has been successful in various medical applications
[10–15], including the manufacturing of 3D cranial implants
[16–21]. Using AM facilitates fast, low-cost and in loco
manufacturing of cranial implants but needs to be combined
with a fast and fully automatic solution for implant design.
Figure 1 shows the optimized workflow for cranial implant
design and manufacturing, combining AM (3D printing) with
a fully automatic solution for implant design. After a portion
of the skull is removed by a surgeon, the skull defect is
reconstructed by a software given as input the post-operative
head CT of the patient. The software generates the implant
by taking the difference between the two skulls. Afterwards,
the surface model of the implant is extracted and sent to the
3D printer in the operation room for 3D printing. The implant
can therefore be manufactured in loco. The whole process of
implant design and manufacturing is done fully automatically
and in the operation room.
In comparison with the traditional cranial implant design
and manufacturing workflow, we summarize the optimized
procedure as follows:
• Imaging data acquisition (e.g, head CT),
• Skull extraction from imaging data,
• Fully automatic implant modeling,
• On-site 3D printing (manufacturing) of the implant
model.
The optimized procedure can significantly improve the
entire surgical process. First, as no expert and commercial
software is needed for the implant design, the cost can be
significantly reduced. Second, enhanced by the fully automatic
implant design software and AM, the waiting time for the
implant can be decreased substantially, therefore reducing the
suffering of the patient. Cranioplasty can be performed shortly
3Figure 2: The architecture of the automatic cranial implant design system in Studierfenster. The server side is responsible for
implant generation and mesh rendering. The browser side is responsible for 3D model visualization and user interaction.
after tumor removal. Third, the implant can be designed and
manufactured in the operation room, without the need for
external suppliers.
Based on this considerations, we can see that the automated
system for cranial implant design is the key component to an
optimized surgical procedure. The automated design remains,
however, a very challenging task, as it involves many consider-
ations. First, as the implant should provide a protection to the
brain, its shape has to fit precisely within the defected region
on the skull, which includes the boundary of the defect and
the thickness of the skull surface (Figure 1, right). Second,
the shape of the implant should be consistent with the skull.
Even if the geometric shape of human skulls is generally
not complex, the irregular defect on the skull can come in
various dimensions, shapes and positions. It is, therefore, still
challenging to generate the implant in an automated manner,
which can satisfy the criteria for boundary, thickness and shape
consistency.
IV. THE AUTOMATIC CRANIAL IMPLANT DESIGN
MODULE IN STUDIERFENSTER
Focusing on an automated and freely accessible solution
for cranial implant design, we have developed a deep learning-
based algorithm for skull defect restoration and cranial implant
model generation. The algorithm first completes a defective
skull and then generates the implant by taking the difference
between the completed skull and the defective skull. The idea
is similar to that of Morais et al. [22], but with substantial
improvements. For instance, in the previous work, the skull
dimension was restricted to 303, 603 and 1203. However, the
imaging data acquired in clinical routine is usually of high
dimension such as 512 × 512 × Z, Z being the number of
axial slices. Our algorithm can process the high dimensional
imaging data directly.
To ease the accessibility, we have integrated the algorithm
into Studierfenster, so that users can interact with the algorithm
via a browser using a standard internet connection. Figure 2
shows the architecture of the implant design system in Studier-
fenster. On the server side, the algorithm receives as input a
defective skull volume and then the skull completion process
is started. Finally, the algorithm subtracts the defective skull
volume from the reconstructed skull volume. Note that the
algorithm processes volumes instead of a 3D mesh model.
For visualization purposes, an additional algorithm, also on the
sever side, converts these volumes (the defective, completed
skull and the implant) into 3D surface mesh models using
the STereoLithography (.stl) format. After rendering, these
models, which are also downloadable in the .stl format, are
shown in the browser window for inspection and verification
by the user.
The usage of the system is summarized as follows:
• Access Studierfenster (http://studierfenster.tugraz.at/) and
press the Implant Generation button under 3D Skull
Reconstruction.
• In the first window, press Choose File to select the de-
fective skull (in the .nrrd format) and then press Upload
and Reconstruct: the data will be uploaded and the 3D
defective model will be rendered in the first window.
• In the second window, press Choose File to select the
same defective skull and then press Upload and Recon-
struct: the defective skull will be completed and shown
in the second window.
• After the first two steps are finished, press Start Gener-
ation in the third window: the implant will be generated
and shown in the corresponding window.
• Download the 3D implant model (in .stl format) for post-
processing if necessary (optional).
A YouTube video shows a demonstration of the system
usage: http://y2u.be/pt-jw8nXzgs.
As introduced, the system is easily accessible and allows a
fast and fully automatic design of cranial implants. The system
can be easily integrated into the optimized surgical procedure
discussed in Section III.
In Figure 3, we show an example of automatic skull defect
restoration and cranial implant design. The head CT, which
is in DICOM format, is selected from the public dataset
QC500 (http://headctstudy.qure.ai/dataset). The skull is seg-
mented from the head CT using thresholding (from 150 HU
to maximum) and a large, artificial defect is injected into the
skull to create a defective skull. As can be seen in Figure 3, the
algorithm is able to complete the defective skull automatically.
The implant is obtained by subtracting the defective skull from
4Figure 3: An example of automatic skull defect restoration and implant design. First row: the defective skull, the completed
skull and the implant. Second row: how the implant fits with the defective skull in term of defect boundary, bone thickness
and shape. To differentiate, the implant uses a different color from the skull.
the completed skull. Figure 3 (the second row) also shows that
the implant can fit precisely with the defective skull in term
of defect boundary, bone thickness and shape consistency.
V. DESCRIPTION OF THE IMPLANT GENERATION
ALGORITHM
The automatic skull defect reconstruction in Figure 1 is
being formulated as a volumetric shape completion problem,
where a defective skull shape Sd is completed automatically.
The implant I can be obtained by taking the difference
between the completed skull shape Sc and the defective skull
shape:
I = Sc − Sd (1)
Equation (1) is the key element of our problem formulation,
even though various approaches can be used to reconstruct Sc
from Sd. Alternatively, the problem can also be formulated to
reconstruct I directly from Sd:
I = R · Sd (2)
where R is the reconstruction matrix. This formulation
avoids the intermediate step to reconstruct the entire skull.
Instead, it reconstructs the implant directly. Similarly, there
are various approaches to construct the reconstruction matrix
R.
In our earlier studies, we have demonstrated that both types
of formulation are effective in solving the problem.
VI. CONCLUSION AND FUTURE WORK
In this paper, we introduced our online system for auto-
matic cranial implant design, which, combined with additive
manufacturing, can substantially optimize the current clinical
routine for cranioplasty. The system is currently intended for
educational and research use only, but represents the trend
of technological development in this field. As the system is
integrated in the open platform Studierfenster, its performance
is significantly dependent on the hardware/architecture of the
platform. The conversion of the skull volume to a mesh can
be slow, as the mesh is usually very dense (e.g., millions of
points). This will be improved by introducing better hardware
on the server side. Another limiting factor is the client/server
based architecture of the platform. The large mesh has to be
transferred from server side to browser side in order to be
visualized, which can be slow, depending on the quality of
the user’s internet connection.
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